INTRODUCTION
Approximately 8% Caucasian males and 0.5% females have some form of congenital colour vision deficiency; the condition is manifested as reduced ability to discriminate chromatic stimuli and, in some cases, achromatic stimuli from chromatic stimuli (Simunovic, 2010) . To conduct a qualitative colour vision diagnosis for individuals in various age groups, it is necessary to evaluate appropriate performance of all age groups in colour vision tests. Setting average performance intervals for various age groups in each colour vision test, it is important to exclude observers with diverse conditions, such as diabetes (Muntoni et al., 1982; Wong et al., 2008) , diabetic retinopathy (Barton, Fong, and Knatterud, 2004) , glaucoma (for these patient's, colour perception inadequate for the age norm can frequently be observed) (Muntoni et al., 1982; Barton, Fong, and Knatterud, 2004; Wong et al., 2008) , from further data processing. Previous research has shown that patients with type 2 diabetes demonstrate reduced colour discrimination for blue-yellow stimuli when tested with the Farnsworth-Munsell-100 hue test (FM-100), while the computerized Cambridge Colour Test (CCT) has demonstrated general chromatic sensitivity decrement in type 2 diabetes (Feitosa-Santana et al., 2010) .
Several studies have confirmed that chromatic sensitivity changes depend on age (Kinnear and Sahraie, 2002; Paramei and Oakley, 2014) , and the highest chromatic sensitivity occurs at age 19-29 years (depending on the study). Typically colour sensitivity increases until 19-26 years of age and gradual impairment of chromatic sensitivity is observed after 26 years of age (Knoblauch et al., 2001; Paramei and Oakley, 2014; Barbur and RodriguezCarmona, 2015) . Differences in chromatic sensitivity might be attributed to lack of maturity of the visual system in children and adolescents, and chromatic discrimination depends on the test design and nonverbal IQ (Kinnear and Sahraie, 2002; Cranwell et al., 2015) .
As age increases, not only does the ability to discriminate colours in the blue-yellow axis decrease (which is explained by increased visible spectrum short wavelength absorption in the intraocular lens), but all visible spectrum transmission is reduced due to increase of intraocular lens thickness (Pokorny et al., 1987; Weale, 1988) . It is important to emphasise that commercially available computerised colour vision test stimuli have dissimilar characteristics. For example, the CCT is based on static pseudoisochromatic plate stimuli principles, while the Colour Assessment and Diagnosis (CAD) test (Rodriguez-Carmona et al., 2005) is composed of dynamic stimuli moving across an achromatic background. When assessing changes in chromatic sensitivity due to aging, using different computerised stimuli, one cannot draw valid conclusions about the effect of stimulus temporal characteristics on chromatic sensitivity due to significant variations in stimulus design.
The aim of our study was to assess whether static and dynamic stimuli result in comparable chromatic discrimination thresholds when participant's age is taken into account. The option to include a dynamic component is foreseen without significantly changing overall test stimuli structure. Using our test stimuli, it is possible to directly evaluate the effect of the dynamic component on chromatic sensitivity.
MATERIALS AND METHODS
Participants. Twenty subjects with mean age 44 ± 4 years participated in the study, thirteen females and seven males. All participants had normal or corrected-to-normal visual acuity. Before computerised colour vision testing, colour vision of all participant was assessed with 4 th edition Richmond HRR pseudoisochromatic test plates (2012) and in eleven cases with an Oculus HMC anomaloscope (type 47720). History of ophthalmic diseases was collected for all participants, with special emphasis on retinal pathologies, glaucoma, cataracts, general illness like diabetes and neurological diseases. None of the participants were excluded on the basis of systemic or ocular diseases. The study was conducted in accordance with the guidelines of the Commission of Ethics of University of Latvia.
Materials. Each participant's chromatic sensitivity was assessed in two experimental sessions with dynamic and static stimuli. Chromatic stimuli were chosen to lie on confusion lines in CIE xyY colour space containing an achromatic point and corresponding confocal point (Birch, 1993) . Measurements were made in 6 directions in colour space (from achromatic point along two directions of the protan, deutan, and tritan confusion lines). Chromatic stimuli were chosen for the closest possible match with theoretical confusion lines (see Equation 1 and Fig. 1 ). In Equation 1, s stands for point (xp, yp) distance to a confusion line, xp, yp -colour coordinates of the stimuli in CIE xyY colour space, k -confusion line slope, and b -confusion line intersection with Oy axis. For this study stimuli were chosen so that s £ 0.001 units in CIE xyY colour space.
Stimuli were presented on a Dell U2312 HM monitor calibrated with an Ocean Optics USB4000 spectrometer and Minolta CS-100A chroma meter. The test field was elliptically shaped with 9.1 × 8.9 degree of visual angle at 1 meter testing distance from the screen. The test field was composed of equilateral triangles alternately situated in 26 rows where each row was composed of up to 47 triangles. The chromatic stimulus was a hexagon and occupied a 2 degree of visual angle (Fig. 2 ). In the dynamic version, the chromatic stimuli travelled across the test field in one of four possible directions -up, down, right, or left. Demonstration of the dynamic stimuli occurred in 12 frames (frame replacement occurred each 100 ms). In the static version, the identical hexagon stimulus was presented in four possible locations in relation to test field centre: top, bottom, right, or left. For individuals aged up to 69 years, stimuli were presented for 1000 ms; for 70+ years old individuals, stimuli presentation duration was increased by 500 ms. Participants were requested to respond about the movement direction of the dynamic stimulus or location of the static stimulus by pressing a corresponding button within 3 seconds after stimulus disappearance.
For achromatic and chromatic triangle elements composing the test field and stimuli, we chose five luminance levels: 12, 14, 16, 18, and 20 cd/m 2 . The number of elements was held equal at all times at a given moment on the screen with certain luminance values, also for most elements in each subsequent frame. Luminance values were replaced leaving stimulus chromaticity as the only characteristic enabling stimulus discrimination in the dynamic stimuli version. Two psyhophysical methods (adaptive staircase and method of constant stimuli) were used to determine individual chromatic discrimination thresholds in six directions in colour space. The adaptive staircase procedure, 3 up 1 down modification (Levitt, 1971) , was applied to measure approximate chromatic thresholds. In order to increase accuracy, the method of constant stimuli was applied. To determine the psychometric function, the probabilities of detecting chromatic stimuli of seven different saturation levels were ascertained. One of the chromatic stimuli saturation levels was chosen equivalent to the chromatic threshold value determined with the adaptive method and two stimuli saturation levels were chosen with detection probabilities 25% and 90%. The remaining four saturation levels were equally spaced between the saturation level, which according to the adaptive method results corresponded to the chromatic threshold and stimuli with saturations levels that corresponded to 25% and 90% detection probability (Fig. 3 ). Data were approximated using the Boltzmann sigmoidal model, where the threshold value was estimated at probability 62.5% of correct responses.
To assess measurement repeatability, we compared corresponding chromatic sensitivity thresholds obtained in two experimental sessions. In the case of static stimuli, there was no difference between data obtained in two sessions, with one exception in the TY direction, while in case of dynamic stimuli we did not observe any difference between test results in both sessions (Table 1 ).
All statistical analysis was carried out by different variants of t-tests. The paired t-test was used to assess differences in chromatic thresholds between experimental sessions and chromatic thresholds obtained with static and dynamic stimuli within both groups. To compare chromatic thresholds between both groups, the independent two sample t-test was used. Relationship between chromatic thresholds measured with static and dynamic stimuli were tested by linear regression coefficients. To confirm correlation between chromatic thresholds measured with static and dynamic stimuli, the t-test was used to determine linear regression slope confidence intervals. Effect of the dynamic component on chromatic thresholds was assessed by analysing linear regression slope and intercept with the t-test. In cases when the linear regression slope did not significantly differ from unity and intercept from zero, it was assumed that there was a direct linear relationship between chromatic thresholds measured with static and dynamic stimuli. In cases when the linear regression slope was significantly less than unity and intercept greater than zero, a direct linear relationship was rejected.
RESULTS
Chromatic sensitivity changes before and after age 40. Participants in the study were divided into two groups depending on their age: participants under age of 40 years (n = 8, 26 ± 2 years) and participants older than 40 years (n = 12, 54 ± 3 years). There were no significant differences in chromatic sensitivity thresholds measured with static and dynamic stimuli among participants under age 40 years, except for deitan green direction in colour space, while significant differences were found in the elderly patient group in colour directions protan red, deitan green, tritan yellow and blue (Table 2 ).
Statistical analysis showed that chromatic thresholds obtained with static stimuli differed between age groups for deitan and tritan confusion lines, and chromatic thresholds obtained with dynamic stimuli differed between age groups for all researched confusion lines (Table 3) .
When chromatic thresholds of both age groups were compared, reduction in chromatic sensitivity was found with both test stimuli. However, differences in chromatic thresholds between both age groups were more prominent with dynamic test stimuli. In the elderly participant group, static and dynamic stimuli resulted in significant differences in chromatic sensitivity, which was not the case for the younger group. It seems that differences between chromatic thresholds obtained with static and dynamic stimuli become more prominent with increasing age, which suggests that mechanisms responsible for detection of static and dynamic stimuli degrade with different rate.
Differences between static and dynamic stimuli chromatic thresholds. In computerised colour vision testing, two quite distinctive and different colour vision tests are used -CAD and CCT. The key differences between both test stimuli designs are presence of dynamic noise and chromatic stimuli motion. To compare whenever chromatic thresholds depend on stimuli design, a novel computerised colour vision test design was introduced. Linear regression functions describing the relationship between dynamic and static thresholds were calculated to test for differences in thresholds obtained with the test stimuli. Linear regression functions showed moderate to high correlation between chromatic thresholds obtained with static and dynamic test stimuli (Fig. 4) . Regression functions for protan and deitan deviated from a direct linear relationship; chromatic thresholds obtained with dynamic stimuli were higher than chromatic thresholds obtained with static stimuli (Table 4 ). The regression function for tritan blue colour direction indicated a direct linear relationship between chromatic thresholds obtained with the computerised stimuli. Tritan yellow regression function slightly differ from a direct linear relationship, i.e. the regression model slope was significantly higher than unity, which implied that chromatic thresholds measured with static stimuli are lower than chromatic thresholds measured with dynamic stimuli. The results showed that the dynamic component had a measurable influence on colour perception mechanisms responsible for stimulus perception along protan and deitan confusion lines, whereas effect of the dynamic component on tritan stimuli perception was significantly less.
Deviation in a direct linear relationship between chromatic thresholds for protan and deitan measured with static and dynamic stimuli cannot be explained by performance differences between both age groups, since linear regression functions for tritan colour directions did not deviate from a direct linear relationship. It can be speculated that the YB mechanism is less susceptible to test stimuli dynamic properties than RG mechanisms, as tritan stimuli were chosen along a confusion line with slope 67.54 degrees, which corresponds to the YB mechanism and yields zero L and M cone contrast. * Statistical analysis showed significant differences in chromatic thresholds between both age groups in deutan and tritan colour directions with static stimuli, and in all studied colour directions with dynamic test stimuli. ( Barbur et al., 2008) . Linear regression functions between chromatic thresholds measured with computerised stimuli and the anomaloscope matching range indicated that slope did not significantly differ from 0, thereby confirming lack of correlation between anomaloscope matching range and chromatic thresholds measured along protan and deitan confusion lines (Table 5) .
DISCUSSION
In colour vision experiments, patients with normal colour vision are often perceived as a homogeneous group. However, there is abundant evidence that individuals with normal colour vision have considerable variability in estimated scores (Baraas, 2008; Rodriguez-Carmona et al., 2008) . It is well known that women with trichromatic colour vision may have more than two spectrally different photopigments in the middle and long ranges of the visible light spectrum (Jordan and Mollon, 1993; Sun and Shevell, 2008) . It is also known that there are at least two L and M photopigment versions among men and women (Neitz and Jacobs, 1990; Neitz et al., 1993) . Photopigments have not only different absorption spectra but also optical density (Elsner et al., 1993; Renner et al., 2004) and relative quantities of L and M pigments in the retina, which may affect colour perception (Miyahara et al., 1996; Bieber et al., 1998; Kremers et al., 2000) . Colour vision test results might be affected by the above mentioned factors, and also by preretinal absorption properties, particularly by intraocular lens absorption.
To successfully evaluate chromatic sensitivity changes with age or during illness, which may affect colour vision, it is necessary to use a reliable method with high measurement repeatability. In order to use our computerised colour test as a diagnostic method, it is necessary to carry out additional experiments with a larger participant group in various age intervals (with and without colour vision deficiency), as well as with persons who have systemic or ocular diseases that affect colour vision.
In spite of the shortcomings, we were able to demonstrate decrease in chromatic sensitivity with age along protan, deitan and tritan confusion lines and differences between hromatic thresholds measured with static and dynamic stimuli. No significant differences were found in the younger participant group in chromatic thresholds obtained with static and dynamic stimuli in most colour directions, which was in agreement with other studies (Barbur, 2004) . Differences in chromatic sensitivity thresholds measured with static test stimuli were observed between the age groups in four of six colour directions. This was expected, as chromatic sensitivity has been shown to decrease with age (Paramei, 2012; Paramei and Oakley, 2014) . Similarly, for dynamic stimuli, the elderly participant group showed higher chromatic thresholds for the studied colour directions, as found in other studies (Barbur and RodriguezCarmona, 2015) . However, in the elderly participant group, chromatic thresholds obtained with static and dynamic stimuli significantly differed for all studied colour directions; chromatic thresholds measured with dynamic test stimuli were significantly higher. The above indicates that the estimated chromatic sensitivity decline differs depending on whether chromatic thresholds are measured with dynamic or static stimuli. The results suggest that motion perception mechanisms responsible for coloured stimuli movement perception decreases faster than sensitivity of mechanisms necessary for static coloured stimuli perception. It has been suggested that chromatic thresholds obtained with dynamic stimuli may be higher than chromatic thresholds measured with static stimuli due to additional noise in nervous pathways introduced by a flickering background (Regan et al., 1994) . To explore differences in dynamic properties along protan, deitan, and tritan confusion lines, we compared dynamic and static chromatic thresholds. Our results suggest that the stimulus dynamic component does not have a significant effect on chromatic thresholds when measured along tritan colour directions. Linear regression functions were derived to describe relationships between chromatic thresholds measured with static and dynamic stimuli for several colour directions. The linear regression coefficients for protan and deitan suggested lack of a direct linear relationship, as linear regression slopes were significantly less than unity and intercepts significantly differed from zero. The obtained results might be explained by increased chromatic thresholds among elderly participants, i.e. elderly participants show significant differences between static and dynamic test results. However, in tritan colour directions, the linear regression intercepts did not significantly differ from zero and the slopes were equal or larger than unity. This contradicted the expected results, but might be explained by reduced dynamic properties of the blue-yellow mechanism compared to the red-green colour opponent mechanism (Gegenfurtner and Hawken, 1995) . However, to raise general conclusions on the effect of the dynamic component on the blue-yellow colour mechanism, it is necessary to determine if the described effect occurs different dynamic stimulus settings.
The results of our study suggest that chromatic thresholds along tritan confusion lines are less affected by the dynamic component than chromatic thresholds obtained along protan and deitan confusion lines. This was unexpected, as mechanisms responsible for tritan stimuli perception are considered inferior to mechanisms for protan and deutan stimuli perception. The estimated chromatic thresholds within and between both age groups suggest that the decrease in chromatic sensitivity due to aging is more prominent when chromatic sensitivity is assessed with dynamic stimuli. However, additional studies with more participants and stimuli settings are needed to confirm the obtained results.
